The flow through the tip clearance region of a transonic compressor rotor (NASA rotor 37) was computed and compared to aerodynamic probe and laser anemometer data. Tip clearance effects were modeled both by gridding the clearance gap and by using a simple periodicity model across the ungridded gap. The simple model was run with both the full gap height, and with half the gap height to simulate a vena-contracta effect. Comparisons between computed and measured performance maps and downstream profiles were used to validate the models and to assess the effects of gap height on the simple clearance model. Recommendations were made concerning the use of the simple clearance model. Detailed comparisons were made between the gridded clearance gap solution and the laser anemometer data near the tip at two operating points. The computed results agreed fairly well with the data but overpredicted the extent of the casing separation and underpredieted the wake decay rate. The computations were then used to describe the interaction of the tip vortex, the passage shock, and the casing boundary layer.
INTRODUCTION
It is well known that tip clearance flows can reduce the pressure rise, flow range, and efficiency of turbomachinery. Smith and Cumpsty [16] have shown a 23 percent drop in maximum pressure rise and a 15 percent increase in flow coefficient at stall in a large, low speed compressor as the tip clearance was increased from 1 to 6 percent of chord. Wisler [23] has shown a 1.5 point drop in efficiency of a low speed compressor when the tip clearance was doubled. Yet the details of tip clearance flows are not well understood.
Storer and Cumpsty, for example, suggest that most of the loss often attributed to tip clearance effects are probably due to other causes [19] . Several analytic models of tip clearance flows have been developed. Chen et al.
[4] developed a model that predicts the trajectory of the clearance vortex. Denton [10] and Storer and Cumpsty [19] have developed models that estimate tip clearance losses based on mixing of the clearance jet with the freestream flow. The analytical models all assume inviscid, incompressible flow, infinitely thin blades, and that the pressure difference across the blade tip drives the flow. They also assume that a vena-contracta effect causes separation at the edge of the blade that must be modeled with an empirical discharge coefficient.
None of the models consider the effects of the clearance flow on the endwall boundary layers or on the stall point.
Tip clearance flows have also been studied computationally. Dawes [9] computed clearance flows in a transonic compressor by rounding the blade tip such that an H-type grid could be distorted to fill in the gap over the blade. Kirtley, et al. [12] proposed a simple clearance model that assumes that the flow is tangentially-periodic across a non-gridded region above the blade. The model is exact for infinitely thin blades. Adamczyk et al. [ 
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COMPUTATIONAL GRIDS
A multiblock grid was generated using the TCGRID turbomachinery grid code, which is described briefly in [ The C-grid had 319 points around the blade, with 60 points along each side of the wake and 199 points on the blade surface. Grid spacing at the blade and endwalls was 4x10 -4 cm, giving y+ = 2 to 4 at the surface. There were 46 points from the blade to the periodic boundary, or effectively 89 points blade-to-blade. There were 63 points spanwise with 13 points across the clearance gap. The C-grid had a total of 924,462 points.
The H-grid ahead of the blade had 45 points streamwise, 35 points blade-to-blade and 63 points spanwise, for a total of 99,225 points. The blade-to-blade H-C-grid at 70 percent span is shown in figure 1 , where points have been omitted for clarity.
The O-grid in the tip clearance region is shown in figure 2 . It had 199 points in the O-direction, 13 points from the mean camber line to the blade surface, and 13 points across the gap, for a total of 33,631 points. The gap was specified as 0.0356 cm as measured experimentally. Although the gap was only 0.45 percent of the span it was 89 times the grid spacing at the casing, so the O-grid was highly stretched across the clearance gap. There were 1,057,318 points in the full multiblock grid.
A single-block C-type grid was also generated using TCGRID for use with the simple tip clearance model. The single-block grid was A computed value could have been used as well, but the best procedure is probably to leave the flow rate in dimensional terms.
The multiblock grid started 0.63 chords further upstream than the single block grid, and the multiblock solutions included endwall boundary layer losses and shock losses in that region. These losses were evaluated by averaging the multibiock solutions at the inlet of the single block grid. Then each single-block solution was adjusted to have the same corrected massflow and inlet total pressure as its respective multibtock solution. and has yet to be explained. Profiles from the three models are very different over the entire span and not just at the tip as might be expected. This is because the three models required different back pressures to produce the same nominal mass flow, apparently because the models produce different amounts of endwall blockage. The exit hub static pressure ratio required for 98 percent flow was 1.225 for the gridded gap model, 1.24 for the full-gap model, and 1.25 for the half-gap model. Exit static pressure profiles (not shown) vary almost linearly from hub to tip, and the total pressure profiles vary in proportion to the static pressure.
The three models were also compared at a constant back pressure ratio of 1.24 (the three circled points labeled "PEp" in figure 3.) Although comparing results at constant back pressure is not standard practice, several arguments can be made for doing so.
1. Mathematically, back pressure is an independent variable while mass flow is a dependent variable. The results are mathematically similar if they have the same independent variables.
2. Physically, back pressure (throttle setting) is also an independent variable while mass flow is a dependent variable.
3. At choke, mass flow is constant and cannot be used to compare results. Figure 8b compares the bend in the shock at mid-gap. The low-speed rotational flow following the shock flows over the vortex and produces a substantial wake.
The top plot shows that the tip vortex is continuous through the shock.
It is not clear if the vortex changes in size when passing through the shock.
Results at an operating point near stall (highlighted Because the blade is more highly loaded than at peak efficiency, Chen's model gives a steeper angle of 18.8 degrees for the vortex trajectory. Figure 12 shows an angle of about 18 degrees for the computations and Figure 13a compares profiles at station 2, showing very good agreement between shock location and strength. In figure 13b the laser data shows some wake remaining at station 3, but it is more mixed out than the computed wake. The computations show a large region of low-momentum flow at mid-passage that is not evident in the measurements. This low-momentum region will be related to the shock/clearance vortex interaction later. Figure 14 shows the shock/clearance vortex interaction at the near-stall point. The shock stands much further ahead of the blade than at peak efficiency and intersects the suction surface further upstream.
The shock at mid-gap bends where it intersects the clearance vortex.
Again there are three regions of clearance flow: a strong tip vortex region, a wall jet region, and a region of perturbed casing boundary layer. The casing boundary layer separates behind the shock near mid- the shock stand-off distance is much larger, the clearance vortex is stronger, and the bend in the shock is much more pronounced than at peak efficiency ( figure 11 ). Meridional plots of relative Mach number contours above 70 percent span and along the dashed C-grid lines shown in the blade-toblade view are shown at the left. The bottom two plots near the suction side of the blade resemble the plots at peak efficiency, except here the shock is further upstream and the wake-like region behind the tip vortex is stronger. In the middle plot the shock and vortex intersect, forming the lambda shock over the vortex that is visible in the blade-toblade view. The top three plots show a large recirculating region behind the shock-vortex interaction.
The clearance region includes a strong vortex followed by a wake, a wall jet flowing upstream, and shock-induced separation with reat- ually through the gap to Mma x = 1.6, which matches the suction-side Mach number of the core flow, as described by Storer and Cumpsty in [19] . The clearance flow is skewed about 50 degrees from the core flow (estimated from the particle traces in figure 15 ), and the shear layer between the two flows is obvious in figure 16 . 
CONCLUDING REMARKS
Three-dimensional Navier-Stokes calculations were made of the tip clearance flow in a transonic compressor rotor. Tip clearance effects were modeled with a multiblock code by gridding the clearance flow and with a single-block code by using a simple periodicity model across the ungddded gap. The simple model was run with both the full gap height and with half the gap height to simulate a vena-contracta effect. Results were compared to aerodynamic probe data and to laser anemometer data. The following conclusions were drawn: 1. The simple clearance model gave good agreement with the multiblock calculations for performance predictions. The best agreement was obtained when the full gap height was used. The multiblock solution showed that the clearance flow entered the gap through a PrandtI-Meyer expansion with no vena-contracta or separation. This suggests that the simple periodicity clearance model should be used with the full gap height for blades with supersonic tip speeds, but probably with a reduced gap height for subsonic tip speeds. 2. The multiblock calculations agreed fairly well with the laser data at 95 percent span. The agreement was better at peak efficiency than near stall. The agreement was generally good up to the passage shock, but worse after the shock-clearance vortex interaction. This was probably a deficiency of the turbulence model. Computed wake profiles did not decay as quickly as the measured profiles. This may have been due to the turbulence model, but may also have been due to unsteady vortex shedding not modeled by the steady code. Although the computations did not match the data perfectly, it was felt that the results were sufficiently accurate to draw some qualitative conclusions regarding the physics of the clearance flow.
3. Three regions of varying blade loadings along the chord produced three regions of clearance flow with different behaviors. A small, highly-loaded region near the leading edge produced a strong clearance vortex. The vortex trajectory agreed very well with the laser measurements and the analytic clearance model of Chen et al. The vortex passed through the passage shock with little change in trajectory. It could not be determined if the vortex changed in size as it passed through the shock. A large, moderately-loaded region between the leading edge and the shock produced a wall jet. The wall jet moved upstream axially, turned abruptly around and under the tip vortex, and continued downstream without joining the tip vortex. A lightly-loaded region downstream of the shock passed the clearance flow with little effect.
4. Although the passage shock and clearance vortex are predominately inviscid phenomena, their impact on the casing flow was highly viscous. The tip vortex acted as an obstacle on the casing that extended across the passage and produced a wake-like structure along its entire length. The wall jet produced a shear layer where it left the clearance gap and another behind the tip vortex. The casing boundary layer separated along the entire length of the passage shock. A lambda shock formed at the shock-vortex intersection. A highly-rotational flow followed the shock-vortex interaction, with a large separated region at the operating point near stall. These phenomena were immersed in a much larger casing boundary layer, and strongly suggest the inadequacy of algebraic turbulence models in the clearance region. Many disagreements between the computations and data near the tip are probably due to the turbulence model, although the impact on overall performance predictions was not bad. 
